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Edited by Horst FeldmannAbstract The Tol2 transposon system is a useful gene transduc-
tion technique, but the injection of mRNA is not suﬃciently
eﬀective in Xenopus embryos to express Tol2 transposase
(Tol2TP). To overcome this, we bacterially synthesized recombi-
nant Tol2TP (rTol2TP) protein and showed that rTol2TP eﬃ-
ciently excised the Tol2 element from an injected donor
plasmid in Xenopus embryos. Furthermore, injected embryos
exhibited uniform and ubiquitous expression of an EGFP repor-
ter gene placed within the Tol2 element. Importantly, size-exclu-
sion chromatography suggests that rTol2TP forms a tetramer,
which diﬀers from the reported hexamer formed by Hermes
transposase, although both belong to the same hAT family.
The use of rTol2TP may facilitate eﬃcient gene transduction
in Xenopus, and the biochemical characterization of Tol2TP.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Xenopus laevis has been used as a model animal to study
early vertebrate development, because the analysis of its gene
functions is easy using mRNA and antisense morpholino oli-
gonucleotide analogs. In addition, the study of gene regulation
by promoter analysis is also possible in X. laevis using the nu-
clear transplantation method, which is a good technique for
transgenesis, albeit inconvenient [1,2]. However, genetic analy-
sis of X. laevis has been considered diﬃcult because it is an
allotetraploid organism and has a long maturation time. To
overcome these disadvantages, Xenopus (Silurana) tropicalis,
a relative of X. laevis, has recently been considered as a model
animal amenable to genetic manipulation, because its genome
is diploid and it has a shorter generation time [3].
Genetic resources for X. tropicalis, including the genomic se-
quence, have been expanding rapidly [3], but the experimental
tools for genetic studies are not yet well developed for X. trop-*Corresponding author. Fax: +81 3 5841 4434.
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doi:10.1016/j.febslet.2007.08.004icalis. One reason is that there are no easy and eﬃcient trans-
genic methods, such as transposon systems, that are applicable
to X. tropicalis or X. laevis. To date, transposon-mediated
techniques using Sleeping Beauty (SB) and Tol2 have been re-
ported in Xenopus. SB, which belongs to the Tc1-mariner
superfamily, has been shown to work for transgenesis from ﬁsh
to mammals, but not well in Xenopus [4,5].
Tol2 is an autonomous transposon that was discovered in
Medaka ﬁsh [6], and belongs to the hAT (hobo, Activator,
and Tam) superfamily [7]. We have previously shown that the
Tol2 transposase (Tol2TP) expressed by mRNAmicroinjection
can catalyze the excision of a nonautonomous Tol2 element
carrying an enhanced green ﬂuorescent protein (EGFP) repor-
ter gene from an injected plasmid, pT2KXIG, in both X. laevis
and X. tropicalis embryos [8]. Furthermore, the excised Tol2
element was integrated into the genomes of X. tropicalis em-
bryos [9]. However, the transposition eﬃciency of the Tol2 ele-
ment from pT2KXIG to the genome using this method still
requires improvement because, when pT2KXIG was coinjected
with Tol2TP mRNA into fertilized eggs, only a few embryos
exhibited uniform expression of EGFP. This may indicate that
the transposition of the Tol2 element occurs predominantly at
later stages, possibly due to the slow accumulation of the
Tol2TP protein translated from the injected mRNA.
In this article, we report the characterization of recombinant
Tol2TP (rTol2TP) to improve the Tol2 transposon-mediated
insertion technique by injecting rTol2TP. We also provide a
basis for the biochemical analysis of Tol2TP, which may facil-
itate protein engineering in the future.2. Materials and methods
2.1. Synthesis and puriﬁcation of rTol2TP
The Tol2TP CDS (GenBank Accession No. AB032244, 1782 bp)
was cloned into the BamHI and XhoI sites of plasmid pGEX-6P-1
(GE Healthcare Life Science) to generate a glutathione S-transferase
(GST)–Tol2TP fusion construct (GST–Tol2TP; Fig. 1A). Escherichia
coli cells carrying pGEX-6P-Tol2TP and pT-Trx or pT-GroE [10] were
cultured in the presence of 100 lg/ml ampicillin and 30 lg/ml chloram-
phenicol. Isopropyl-b-D-thiogalactopyranoside (IPTG) induction and
puriﬁcation of rTol2TP were carried out as described in Supplemen-
tary materials. Size-exclusion chromatography was carried out at
4 C on a HiLoad 16/60 Superdex 200 pg column (GE Healthcare Life
Science) equilibrated with storage buﬀer. An aliquot of each fractionblished by Elsevier B.V. All rights reserved.
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Fig. 1. Puriﬁcation of rTol2TP synthesized in E. coli. (A) A schematic
diagram of GST-Tol2TP. (B) Western blot of cell lysates from E. coli
cells coexpressing GroE before () or after (+) IPTG induction. Anti-
GST antibody was used. (C) Separation of rTol2TP from the GST
fusion by PreScission digestion. (D) Puriﬁcation of rTol2TP. Thick
arrow, GST-Tol2TP; white thick arrow, rTol2TP; asterisk, GST
portion; IB, immunoblot; CBB, Coomassie Brilliant Blue staining.
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Orange (Bio-Rad; GE Healthcare Life Science).
2.2. Microinjection and excision assay in Xenopus embryos
Fertilization, manipulation, and staging of Xenopus embryos and
microinjection were carried out as described previously [11,12]. Exci-
sion assay and sequence analysis of excised footprints were performed
as described [8] with some modiﬁcations. The presence of the injected
plasmid DNA in each lysate was veriﬁed by PCR (35 cycles of 94 C,
30 s; 55 C, 30 s; and 72 C, 30 s) using the 5 0f1 (5 0-AGTAC TTTTT
ACTCC TTACA-3 0) and 5 0r0 (5 0-TAAAG AAAAG AATTC
GCGAA-30) primers.
2.3. DNase assay
A 7.5 ll aliquot from each chromatography fraction was incubated
at 30C for 24 h with pT2KXIG (125 ng) in a 10 ll reaction mix
(25 mM HEPES, pH 7.6, 50 mM NaCl, 1 mM MnCl2, 2 mM DTT,
2% glycerol, 0.1 mg/ml BSA). Reactions were stopped by adding
SDS and EDTA to 1% and 20 mM, respectively, incubated for 1 hr
at 37 C, and analyzed by 1% agarose gel electrophoresis.3. Results and discussion
3.1. Preparation of rTol2TP
To make a large preparation of rTol2TP, E. coli cells carry-
ing pGEX-6P-Tol2TP and pT-GroE were grown in a 2 L cul-
ture, and GST–Tol2TP was induced with IPTG (Fig. 1B).
Soluble GST–Tol2TP in a cell lysate was puriﬁed with a gluta-
thione–Sepharose 4B column, and the Tol2TP fragment (cal-
culated molecular mass, 73605 Da), referred to as rTol2TP,
was obtained as 74 kDa band by digestion with the PreScission
protease (Fig. 1C). The ﬂow-through rTol2TP fraction of a
glutathione column, which removed the PreScission protease,
was then concentrated and subjected to SDS–PAGE. Several
protein bands other than rTol2TP were observed (Fig. 1D).
This partially puriﬁed and concentrated preparation of
rTol2TP, referred to as rTol2TP preparation 1, was ﬁrst usedfor the analysis of biological activities, as described below.
The yield of rTol2TP from a 2 L culture was 90–190 lg in
rTol2TP preparation 1 (three experiments).
3.2. Excision activity of rTol2TP
The enzymatic activity of rTol2TP was assayed with X. laevis
embryos using an excision reactionwith pT2KXIGas the target.
If rTol2TP excised the Tol2 element from the plasmid, the rem-
nant plasmid could be detected by polymerase chain reaction
(PCR) with primers encompassing the excision site, generating
a 250-bp band (Fig. 2A). rTol2TP preparation 1 and pT2KXIG
were coinjected into one-cell-stage embryos, and the injected
embryos were assayed at the gastrula stage. As shown in
Fig. 2B, excision-dependent PCR products of 250 bp were
clearly detected in all embryos coinjected with rTol2TP and
pT2KXIG, but not in embryos injected with pT2KXIG alone,
suggesting that rTol2TP does have excision activity. This activ-
ity was constantly observed in ﬁve-independent experiments
with high eﬃciency (43/43 in total; data not shown) and also
in almost all X. tropicalis embryos examined (Fig. 2C). Com-
pared with rTol2TP, incidences of excision achieved with
Tol2TPmRNAwere lower (38/74 in 10 experiments in this study
or 24/52 in a previously reported study [8]), and very variable
from experiment to experiment (20–100%). Furthermore, the
intensity of the 250-bp PCR bands generated from rTol2TP-in-
jected embryos seemed to be much stronger than that from
Tol2TP-mRNA-injected embryos (data not shown).
To verify that the 250-bp band was indeed generated by the
enzymatic activity of rTol2TP, PCR bands ampliﬁed from ﬁve
diﬀerent embryos (numbered 1–5 in Fig. 2B) were puriﬁed,
cloned, and sequenced. Diﬀerent clones from the same embryo
are distinguished by identical numbers and diﬀerent letters.
Fig. 2D shows that the excision of the Tol2 element occurred
at the proper sites in 15 informative clones from ﬁve embryos.
The footprint sequences of all but clones 1a and 4e showed
additional short sequences, as an 8 bp repeat unit, TCAA-
GAAC. Because similar or the same footprint sequences have
also been observed when Tol2TP-mRNA was injected [8], we
conclude that rTol2TP can properly excise the Tol2 element
from pT2KXIG.
We noticed that the enzymatic activity of rTol2TP was lost
when it was stored in 0.7· phosphate-buﬀered saline at 4 C
for two days after puriﬁcation. To improve the usefulness of
rTol2TP, we investigated the optimal storage condition, and
found that rTol2TP activity was maintained for over two
weeks at a high salt concentration (500 mM NaCl) at 4 C
(data not shown). Furthermore, 10% glycerol stocks (called
rTol2TP preparation 1a) could be stored at 80 C for more
than two months with no reduction in excision activity.
To examine the possibility that the Tol2 element was inte-
grated into the genomic DNA after excision, we observed
the injected embryos at the tailbud stage for EGFP expression
from an EF1a-promoter-driven EGFP gene in the Tol2 ele-
ment of pT2KXIG. As shown in Fig. 3, pT2KXIG/rTol2TP-
coinjected embryos showed almost ubiquitous and uniform
expression (4%; n = 205) (Fig. 3A), which has never been ob-
served in pT2KXIG-injected control embryos (n = 30 in this
experiments) (Fig. 3B). This result implies that the genomic
integration of the Tol2 element occurred in the early develop-
mental stages of rTol2TP-injected embryos although the eﬃ-
ciency was not very high. To optimize the integration
eﬃciency, we have to examine various conditions including
Fig. 2. Excision of the Tol2 element in Xenopus embryos. (A)
Schematic presentation of pT2KXIG and excision reaction by
rTol2TP. The map is not to scale. DNA samples from embryos
injected with 125 (X. laevis) or 50 (X. tropicalis) pg of pT2KXIG and
3.2 (X. laevis) or 2 (X. tropicalis) ng of rTol2TP in rTol2TP preparation
1a were analyzed by PCR using either the BS1 and TYR1 or the 5 0f1
and 5 0r0 primers. PCR bands of 250 bp generated with the BS1 and
TYR1 primers are indicative of the excision reaction. PCR bands of
396 bp generated with the 5 0f1 and 5 0r0 primers are indicative of intact
pT2KXIG, verifying that equivalent amounts of pT2KXIG were
injected into each embryo. Red triangles, short direct repeats. (B) X.
laevis embryos. (C) X. tropicalis embryos. PCR bands of 250 bp (upper
panel) as well as 396 bands (lower panel) were detected in all lanes 1–
10. M, size markers; U, uninjected embryo. (D) DNA sequences of the
excision products in X. laevis. A total of 10 clones from ﬁve diﬀerent
injected embryos were sequenced. The 8 bp direct repeat sequences at
the both ends of the Tol2 sequence are underlined. The plasmid
sequences outside of the direct repeat are shown in lower cases. In 250-
bp band clones examined, their footprint sequences possibly derived
Fig. 3. EGFP expression of tailbud embryos coinjected with
pT2KXIG and rTol2TP X. laevis one-cell-stage embryos were
coinjected with 125 pg of pT2KXIG and 0.7–2.1 ng of rTol2TP
(rTol2TP preparation 1). (A) pT2KXIG/rTol2TP-coinjected embryos
showed almost ubiquitous and uniform expression (4%; n = 205). (B)
pT2KXIG-injected control embryos showed only mosaic expression
(n = 30).
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purity of rTol2TP.
3.3. Size-exclusion chromatography analysis of rTol2TP
The maize Activator and Hermes transposases, members of
the hAT superfamily to which Tol2TP belongs, reportedly form
a dimmer [13] and a hexamer [14], respectively, through the
conserved C-terminal region. Because the C-terminal region
of Tol2TP is homologous to that of Hermes, we anticipated
that Tol2TP also oligomerizes through the C-terminal region.
To characterize the oligomerization status of rTol2TP and to
purify further rTol2TP preparations, we performed size-exclu-
sion chromatography. Fig. 4A shows an elution proﬁle of
rTol2TP preparation 1, with several peaks. To analyze the pro-
tein composition of each peak, some fractions were subjected to
SDS–PAGE. Peak I (the void volume) contained rTol2TP and
other 34 kDa-proteins (Fig. 4B; fractions 36–39). This suggests
that a part of rTol2TP and some 34 kDa-proteins aggregated in
these fractions. Peak II (about 270 kDa) contained a protein
corresponding to the rTol2TP band on SDS–PAGE (Fig. 4B;
fraction 50). Because the ratio of this apparent molecular mass
(270 kDa) to the calculated mass of rTol2TP (73605 Da) is 3.7,
the rTol2TP in peak II is likely to be in the form of a tetramer.
To assess the enzymatic activity of peak II, we collected and
concentrated these Peak II fractions (fractions 48–52), and
showed that these fractions had excision activity in Xenopus
embryos (data not shown). These data suggest that a tetramer
is the active form of Tol2TP. Therefore, it should be noted that,
although Tol2 and Hermes belong to the same hAT family and
have the conserved DDE catalytic triad essential for forming
hairpin structures (Fig. 1A), they do not necessarily form the
same higher-order structure.
Another purpose of the puriﬁcation was to remove DNase
from rTol2TP preparation 1, to allow the performance of
in vitro excision assays with rTol2TP. Each chromatographic
fraction was analyzed for DNase activity, showing that only
peak IV (24 kDa) exhibited DNase activity and that rTol2TPN 
from the left and right 8 bp direct repeats are underlined. The diﬀerent
number and letter in clone no. indicate diﬀerent injected embryos and
diﬀerent clones derived from the same embryo, respectively. Italic
sequences indicate inverted sequences of the 8 bp repeat. a, clone
numbers which have the same footprint sequences as reported
previously [8].
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Fig. 4. Size-exclusion chromatography analysis of rTol2TP. (A) Size-
exclusion chromatography of rTol2TP preparation 1. An elution
proﬁle from a size-exclusion column is shown. Inset, the elution proﬁle
of standard proteins (RNase A, 13.7 kDa; chymotrypsinogen, 25 kDa;
albumin, 67 kDa, aldolase, 158 kDa; catalase, 232 kDa; and ferritin,
440 kDa); arrow, peak II (about 270 kDa) (B) SDS–PAGE of fractions
collected from the size-exclusion column as shown in (A). Peak III
(48 kDa) contained a dimeric molecule of the GST portion of the
fusion protein (26430 Da) [15]. White thick arrow, rTol2TP; asterisk,
GST portion; arrow, 34 kDa band. (C) Detection of DNase activity.
Each fraction was incubated with pT2KXIG at 30 C in presence of
Mn2+ for 24 h. Fraction 75 at peak IV completely degraded the
plasmid. N, negative control.
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Therefore, we tested whether rTol2TP preparation 2 has exci-
sion activity in vitro. We incubated pT2KXIG plasmid DNA
with rTol2TP preparation 2 (0.8 lg/ll) under the same condi-
tions as used in the DNase assay. The products were analyzed
by agarose gel electrophoresis after phenol extraction. Neither
the closed nor the open circular DNA bands of pT2KXIG
were apparently changed (data not shown), suggesting that
rTol2TP may require some cofactors for its excision activity.
In this study, we successfully obtained bacterially synthe-
sized rTol2TP with excision activity in Xenopus embryos. We
observed that rTol2TP consistently and very eﬃciently excised
the Tol2 element from pT2KXIG. Furthermore, pT2KXIG/
rTol2TP-coinjected embryos exhibited almost uniform and
ubiquitous expression of EGFP. Size-exclusion chromatogra-
phy suggests that Tol2 probably forms a functionally active
tetramer. Thus, the use of rTol2TP should facilitate eﬃcient
transgenesis for various purposes, including insertional muta-
genesis and promoter analysis in Xenopus embryos, as wellas the biochemical analysis of Tol2TP, to better understand
the molecular mechanisms of transposition.
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